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This report summarizes the background, field work, data collection and analysis, and

future plans associated with a collaborative GPS experiment in the Tien Shah of the for-

mer Soviet Union. This project involves the amalgamation of two, separately funded

projects, which were proposed separately by PIs Hamburger and Reilinger (NSF no.

EAR-9115159 and NASA no. NAG5-1941) and Molnar and Hager (NSF no. EAR-

9117889 and NASA no. NAG5-1947). In addition, the work is being conducted under

the auspices of the US-USSR Agreement on Cooperation in the Field of Environmental

Protection, with support from the United States Geological Survey.

The results reported here comprise the fruition of several years of discussions and

preparation. Whereas geodetic measurements by foreigners were categorically impossible

in the Soviet Union, we are now carrying out large-scale field programs with the encour-

agement and support of numerous agencies in the various republics that now form the

Commonwealth of Independent States (CIS). We omit a detailed summary of the various

discussions that have enabled us to do serious geodetic work; most of this has been

described in previous reports. Suffice it to say that we have written agreements with

essentially all agencies actively pursuing geodetic, geophysical, and geological study of

the Tien Shan. The list of collaborators tabulated at the end of this document (Table 1) is

a testament to the extent of this collaboration. Moreover, in these times of economic

hardship in the former Soviet Union, our project has been sufficiently well received that



themajority of the field expenses have been borne by our colleagues there. Although

they may not be able to continue this support in future years, we think that this commit-

ment demonstrates a strong interest in our joint project.

BACKGROUND AND GENERAL SCIENTIFIC OBJECTIVES

We began field work in July, 1992, with a small-scale pilot experiment in the north-

ern Tien Shah, in the Republics of Kazakhstan and Kyrgyzstan. A 7-week field experi-

ment in June - July, 1993, constituted a major expansion of this pilot network. The field

program included reconnaissance and installation of benchmarks of regional GPS sites in

Kazakhstan and Kyrgyzstan, a comprehensive training program for collaborating scien-

fists, and an 18-day observation campaign covering the newly installed 86-station geode-

tic network. The network is closely tied to a regional GPS network established by the

German GeoForschungZentrum geodetic group (GFZ), under the direction of Christof

Reigber, and Kazakh, Kyrgyz, Russian, and Uzbek scientists. Hereafter, we refer to this

network as the "GFZ-CIS regional network."

Building on the GFZ-CIS regional network, we sought to densify part of this network

and to extend it eastwards. As the world's most prominent intracontinental mountain belt,

the Tien Shan provides an outstanding natural laboratory to address two general problems

in intracontinental geodynamics: (1) the processes by which distributed intracontinental

shortening occurs, and (2) the mechanisms that allow strain to be absorbed adjacent to an

intracontinental strike-slip fault along which slip varies markedly. Moreover, with a high

level of seismicity and with rapid deformation, the Tien Shah offer the potential for wit-

nessing pre- and post-seismic deformation and the opportunity to study localized defor-

mation within the regional framework of intracontinental tectonics.

lntracontinental mountain building. The present range owes its height and high level

of seismic and tectonic activity to roughly north-south crustal shortening. Hence, it

serves as a prominent consequence of India's collision with and subsequent penetration

into the Eurasian Plate (Figure 1). Yet, this area lies 1000-2000 km from the northern

edge of the Indian plate, and hence deformation should be largely unaffected by peculiar-

ities of the ancient plate margin. Thus, the Tien Shan provides a laboratory to study

intracontinental shortening without the influence of asymmetries of kinematics and

structure established at the time of the collision, as are clear, for example, in the

Himalaya and the Alps.

Approximately two thirds of our network spans a segment of the Tien Shan where the

structure is relatively simple. Ranges and intervening basins trend nearly east-west.

Blocks of crust, with east-west dimensions of approximately 100 km or more, constitute
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ranges that are thrust over other blocks to form basins. North-south dimensions of such

blocks of only 20-30 km are comparable to the depths to the more ductile lower crust.

We anticipate that a comprehensive study of the velocity field in this region will allow us

to study the interconnections of the block movements and deformation at depth and to

understand how the penetration of India into the rest of Eurasia is communicated to the

areas farther north.

Strike-slip geodynamics. The Tien Shan offers a good example of a second feature

peculiar to intracontinental deformation. A major strike-slip fault, the Talaso-Ferghana

fault, truncates the western part of the region (Figure 1). The east-west trending blocks

and the faults between them seem to be cut off by the Talaso-Ferghana fault. Moreover,

the Talaso-Ferghana fault ends in the northwestern part of the Tien Shan. In oceanic

regions, transform faults, along which slip is constant, abruptly truncate at spreading

centers and subduction zones. In continental regions, however, strike-slip faults do not

end abruptly, but seem to "die out" by distributed, permanent deformation on one or both

sides of the fault. The Talaso-Ferghana fault is perhaps the world's premier example of

such an intracontinental strike-slip fault. Slip seems to be rapid, possibly 10 mm/yr. Yet,

the fault passes from being a major structure to being absent in a distance of only 100 km.

Bounding the fault on both sides are high ranges suggestive of rapid crustal shortening,

but also possibly reflecting rapid rotations about vertical axes. The geometry of defor-

mation permits us to determine the kinematics of deformation using GPS. This kinemat-

ics should facilitate an understanding of the importance of the relative strengths of the

brittle layer at the surface and the region below it that flows ductilely.

GPS GEODESY IN THE TIEN SHAN

GPS Network

Our collaborative GPS project in the Tien Shan began in the summer of 1992 with

establishment and observation of a 13-station "pilot network," covering an area of

approximately 300 x 200 km 2 across the northern flank of the Tien Shan (shown as gray

circles in Figure 2). This network, largely restricted to southern Kazakhstan but with one

station within the Kungei Alatau range in northern Kyrgyzstan, was designed to measure

rates of deformation across the northern ranges of the Tien Shah with respect to a rela-

tively stable area, the southeastern part of the Kazakh platform, in the north. At nearly

the same time, the GFZ group, in collaboration with scientists from Kazakhstan,

Kyrgyzstan, Russia, and Uzbekistan, installed and measured their 42-site GFZ-CIS

regional network (shown as white circles in Figure 2), which extends from the Turan

Platform of central Uzbekistan in the west across the central Tien Shan, and from the



4

northernPamir tothesouthernedge oftheKazakh Platform.Our pilotnetworkshared

threesitesoftheGFZ-CIS regionalnetwork,allowingus toticthetwo networkstogether.

We carried out our major field program in June-July, 1993, relying on contributions

from over fifty scientists, representing ten scientific organizations from four countries

(Table 1). Reconnaissance for the field experiment in June included the installation of

new benchmarks and the verification of existing marks. Four field parties selected and

installed 55 new geodetic benchmarks, consisting of steel pins set in bedrock with epoxy.

A small number of marks were mounted in boulders or in concrete piers in unconsoli-

dated sediment. Reference marks were also set at a number of existing sites. Six of the

sites in Kazalohstan used geodetic marks of the national geodetic control network, two

were placed near such marks, and another 2 were co-located with benchmarks of local

networks established by the Institute of Seismology of Kazakhstan. We collected data at

86 stations distributed over an area approximately 350 km x 550 kin, including 59 sites in

Kyrgyzstan and 27 sites in Kazakhstan (Table 2 and black triangles in Figure 2). The

geometry of the network was designed to focus on the two basic questions discussed

above and consists of two large sub-networks.

The larger of the two subnetworks includes approximately 55 sites distributed across

the Tien Shan between longitudes 75 ° E and 79 ° E, from near the border with China in

the south, northward onto the Kazakh platform. This sub-network can be considered as

consisting of two north-south profiles, one passing just west of the lake Issyk-Kul, and

the other just east of the lake and west of the Chinese border where the border trends

north-south. Moreover, this eastern sub-profile extends the "pilot" network installed in

1992 southward. The guiding principle in the installation of this subnetwork was that at

least two, and wherever possible, 3 or more, sites should lie on each of the major east-

west-trending crustal blocks in this part of the Tien Shan so that we can determine both

translations and rotations of individual blocks.

The second sub-network consists of 30 stations surrounding the northwest termination

of the Talaso-Ferghana fault. It was designed with the same principal of placing at least

two sites on each major crustal block. In addition, we sought a network that extends at

least 100 km perpendicular to the fault in order to help isolate elastic strain accumulation

associated with slip at depth on the Talaso-Ferghana fault. This network extends from

the Kazakh Platform in the north to the Ferghana Basin in the south, and from the western

ends of the Chatkal Ranges west of the Talaso-Ferghana fault eastward to Bishkek.

Depending upon how one defines the stable Kazakh Platform in the northern part of

region studied, 5 to 7 sites lie on this block, which should define a stable reference frame

attached to the Eurasian Plate.
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The sites observed in 1992 included remeasurements of 12 of the sites observed dur-

ing the 1992 pilot GPS experiment and over 10 coinciding with the GFZ-CIS regional

geodetic network (Figure 2). These ties permit both (1) independent measurements of

base lines common to the two networks and (2) preliminary estimates of repeatabilities

from comparisons between sites common to the 1992 and 1993 campaigns. Results from

both make us optimistic about the science that will result from the repeat survey in 1995.

Field Measurements

In July, 1993, observations were conducted over 18 consecutive days using 18 sets of

GPS receivers: 10 Trimble 4000SSEs (P/X code) and 8 Trimble 4000SSTs (C/A code).

We recorded round-the-clock in five 60-hour sessions and one 42-hour session.

Automobile batteries, rated as 90 amp-hour and charged by solar panels, powered the

receivers. Receivers remained at two sites throughout the 18-day recording period: one at

the IVTRAN test site near Bishkek, which is near the center of the network, and the other

at Kuldjabash, which is a GFZ-CIS site near the Chinese border and near the center of the

southern edge of the network. In addition, we used another six "semi-fixed" sites to pro-

vide continuity to the network geometry, recording at them during 2, 3, or 4 consecutive

60-hour sessions. We organized the observation schedule into clusters of sub-networks

that migrated, as a "wave," from east to west (Table 2). This maximized the number of

relatively short base lines and permitted logistical support among neighboring observa-

tion teams. The GPS receivers operated nearly flawlessly for the duration of the experi-

ment, with only minor losses of data due to late starts (primarily due to bad weather and

resulting poor road conditions) and to temporary power losses.

The UNAVCO Facility provided direct support to the field experiment through the

participation of Brennan O'Neill, Project Engineer for the Tien Shan experiment. O'Neill

obtained necessary export licenses for GPS field equipment and arranged shipping to and

from the CIS. (Following a major shipping delay caused by an error on the part of the

U.S. shipping agent, the UNAVCO office helped ensure that all equipment arrived with

only minor delay of the field experiment.) He also provided maintenance of GPS field

equipment before and during the field campaign; and took the lead in training approxi-

mately 20 Soviet operators and a number of additional participants. Soviet geodesists

were primary observers for seven instruments in the field campaign, and many of the sec-

ondary observers in 1993 will be primary observers for the repeat measurements in 1995.

Finally, O'Neill operated the fixed receiver at the IVTRAN polygon for 18 days.

We cannot overstate the extent to which the success of our work depended on the

contributions of our collaborators from the former Soviet Union. The Institute of High-

Temperature Physics (Russian Academy of Sciences, "IVTRAN", under the direction of
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Yuri Trapeznikov),togetherwiththe Kyrgyz StateAgency forGeodesy and Cartography

CKyrgyzgcodeziya", Valcry Tsurkov, director)and theKazakh CentralAdministration

forGeodesy and Cartography ("Kazgcodeziya",Valcry Ostroumov, director),coordi-

nated thelogisticalsupportforthefieldexperiment,including:(I)an'anging

import/exportcustoms forallfieldequipment; (2)obtainingpermission tocarryout the

experiment and processthedataintheU.S.; (3)arrangingforground transportationfor

personneland equipment from Alma-Am (Kazakhstan)to thetrainingsiteoutsideof

Bishkck (Kyrgyzstan);(4)providinghousing and lodgingforthe largefieldpartyatthe

IV'IRAN laboratoryoutsideBishkek; (5)coordinatinga month-long, four-teamrecon-

naissanceeffort,includingfieldsupportfrom geologistsfamiliarwith the regionalgeol-

ogy toassistwith siteselection;(6)providingpersonneltoserveas primary and sec-

ondary operators;(7)organizingan enormous flotillaof fieldtransportation,food,and

locallogisticalsupportateach site.

Data Analysis

The original data recorded in the field were transferred onto floppy disks, either at the

end of each 60-hr session, or more frequently for those SSE receivers that lacked the

capacity to store more than 40 hours of data. Three copies of all field data were made

and verified before leaving Bishkek. We left one copy with Kyrgyzgcodeziya in Bishkek

and brought two copies to the US. One copy has been an:hived at UNAVCO. We will

also archive a copy with CDDIS. We will soon send our colleagues in the former Soviet

Union tapes with the raw and processed data in RINEX format, plus results of our analy-

sis to date.

Our data analysis procedure has two main steps. In the first step, we broke the rather

long (60-hour) sessions into a series of 24-hour (or 12-hour) sessions, organized by GPS

day. We analyzed each day of data from all our receivers, along with data from the clos-

est stations in the global tracking network, using the GAMIT software developed at MIT

and Scripps. We used daily orbits provided by the Scripps orbit facility as the starting

model. The data were cleaned and cycle slips were patched, where possible, either man-

ually or automatically. Integer ambiguities were resolved, where appropriate, using well-

known techniques. The output of this stage of the analysis is an estimate of station coor-

dinates and other parameters (e.g., orbit perturbations and atmospheric parameters), along

with their covariance matrices, for each day on which observations were made.

In the second step of the analysis, we combined the individual daily solutions into a

solution for coordinates and (where appropriate) velocities using the GLOBK software

package developed at Smithsonian Astrophysical Observatory and MIT. GLOBK rigor-

ously combines the adjustments of the site coordinates and orbital parameters and their
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covariance matrices from the individual-day solutions using a Kalman filter. We have

experimented with several different strategies for this combination. In the most simple

approach, which we call the "mean coordinate" solution, we tightly constrain the orbits to

the values determined by the Scripps orbit facility and combine the dally relative coordi-

nates obtained from GAMIT for each base line to estimate mean relative coordinates for

each base line. This solution is equivalent to calculating a weighted mean of the GAMIT

solutions.

In the second approach, which we call the "local solution," we tightly constrain the

satellite orbits and the coordinates of the global tracking network. We simultaneously

adjust the coordinates for all of the local sites for an entire experiment, enforcing closure.

Because in different experiments, different sites are observed simultaneously, the coordi-

nates estimated with closure enforced differ from those estimated on a base line by base

line basis.

In the third approach, which we call the "global" solution, we simultaneously estimate

local station coordinates, global station coordinates, and satellite orbits. In areas of the

world well covered by the global tracking network (e.g., in California), results obtained

using the second and third approaches are nearly identical. As we show later, such is not

the case for our network in Central Asia, where the local data have a substantial impact

on the estimates of satellite orbits.

We have benefited enormously from a development not anticipated when this project

was planned. During the summer, 1993, Thomas Herring at MIT modified the GAMIT

software to make more of the processing automatic - a development that has made the

analysis of the data much more efficient, decreasing the analyst time required by over an

order of magnitude. To test his new algorithms, Herring sought a data set with many of

the features that ours offers: numerous simultaneous recordings, a wide range of base line

lengths, a range of altitudes, etc. Thus, the combination of the efficacy of his new algo-

rithm with his willingness to help analyze the data allowed him and Bonnie Souter to

obtain preliminary results in early September, 1993 - less than a month after Souter

returned from the field! Accordingly, we submitted an abstract summarizing preliminary

findings to the fall AGU meeting. (Appendix A. Note that the preliminary velocity field

presented in the abstract has been superseded by the results discussed below. We also

submitted an abstract to the European Geophysical Society Meeting, Appendix B.)

Preliminary Results and Interpretation

The following discussion is based on analysis, largely by Herring and Souter, of data

obtained both in 1992 and in 1993. We key this discussion around the figures presented.
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The results fall into two broad categories: repeatabilities from session to session, and dif-

ferences between relative positions of benchmarks in 1992 and 1993 (i. e., apparent

velocities of the benchmarks).

(1) Repeatabilities of estimated positions.

Throughout the experiment, we recorded at site KULI, near the Chinese border, and

at POLl, a benchmark on the IVTRAN expedition site. (This site is a few hundred

meters from the base site, POLY, used in the GF"Z-CIS campaign in 1992. We feared that

POLY was too close to a sloping metal roof to be free of multipathing. During our

training session, however, we recorded simultaneously at POLY and POL 1 to allow us to

tie our network to the 1992 GFZ-CIS results.) The 18 "independent" measurements of

the relative positions of POLl and KULJ allow us to assess the variability in GPS-

inferred relative positions.

The variations in daily horizontal coordinate estimates of KULI relative to POLl are

shown in Figure 3a. The origin of the figure is the mean position determined for all 18

sessions. Points in the lower half of the figure correspond to days on which the estimated

position of KULJ, relative to POLl, is further to the south than average. The error

ellipses show the formal 1-o error estimates. (One o corresponds to 39% confidence in

2-D. These formal errors are obtained by multiplying the errors estimated by the soft-

ware by a factor of 3.2. The errors estimated by the software are based on the fit to the

raw phase data, assuming white noise. The increase by an arithmetic factor is a correc-

tion for the fact that errors in individual observations are not independent, but are corre-

lated for a time of order several minutes. The particular factor 3.2 is based on error anal-

ysis for other GPS campaigns, notably in California; Herring is exploring a more sophis-

ticated scheme for error analysis.) The formal errors vary from day to day, but are typi-

cally 5:5 mm in both N and E. The same daily coordinate estimates are shown in Figure

3b, but with the error ellipses omitted and the GPS day number for each coordinate esti-

mate given.

There is good news and bad news. The relative horizontal coordinates for this > 250

km long base line cluster within a distance from the mean less than 9 mm in the north and

5 nun in the east, with a standard deviation about the mean, consistent with the formal

errors, of 4 mm in north and 2 mm in east - the good news! This repeatability suggests

that relative position estimates based on only one 12- to 24-hour session would, in gen-

eral, have a (1-o) uncertainty of < 5 mm. if the errors were random, the error in determi-

nation of the mean would decrease as n -1/2. For example, observing for 3 sessions would

reduce this by a factor of 1.7, to 3 mm.
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Yet the scatter in horizontal coordinate estimates in Figure 3 appears to be bimodal,

rather than Gaussian. And, in some cases, measurements on 3 successive days show

systematic differences by as much as 5 mm from the average of the 18 sessions - the bad

news. As an illustration, we highlight days 197-198-199 and 203-204-205 in Figure 3b.

The difference in mean horizontal position between these two 3-day sessions is 11 mm.

This behavior suggests that errors are not random and that measurements spanning a

period of time as long as 3 days may not always average systematic errors (due to atmo-

spheric conditions?) that are uncorrelated only over longer periods.

The base line between sites MEDE and AZOK was observed for every day of our

1992 campaign, although it was only observed for a single 3-day session in 1993. Figure

4 shows the scatter in horizontal coordinates for MEDE relative to AZOK. Error ellipses

are comparable to those in Figure 3a, so we omit them and show GPS day number

instead. The scatter in 1992 is about 50% larger than the scatter for KULJ-POL1 in 1993,

probably as a result of the weaker global tracking network in 1992. Once again, there

are systematic differences in mean coordinates averaged over 3-day sessions. For exam-

ple, the mean position for days 200-201-202 is about a centimeter to the NW of the mean

position for days 204-205-206.

The base line repeated most often in both 1992 and 1993 is CHOL-AZOK. Day-to-

day repeatability of relative coordinate estimates is shown in Figure 5. In 1992, we made

observations on 7 days, with peak-to-peak scatter of 17 mm in E and 11 mm in N. Two

3-day sessions in 1992 are highlighted by lines connecting the coordinate estimates for

each day of each session. In this case, the means for these two 3-day sessions are compa-

rable. In 1993, we observed for more days - 12 - with a comparable peak-to-peak scatter

in N and about 50% less scatter in E, again suggesting an improvement in repeatability in

1993. The scatter on this base line in 1993 is comparable to that on the most frequently

observed line between KULJ and POLl. Relative positions from some successive days

cluster near to one another (e.g., 198-199-200), again suggesting that uncertainties

obtained from several successive days might not always be smaller than those obtained

for shorter periods.

(2) Coordinate differences between 1992 and 1993

At 12 of the 13 sites occupied in 1992, we obtained at least three 12- to 24-hour ses-

sions in 1993. (The road to the 13th was destroyed during heavy rains.) In Figure 6, we

show the daily differences in calculated positions of sites relative to AZOK, expressed as

differences from the mean position obtained in 1992 (asterisk). Circles are from obser-

vations in 1992, while pluses are for 1993. Again, formal error ellipses are comparable to
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thoseshown in Figure 3a and are omitted. This figure shows information equivalent to

that in Figures 4 and 5, but for all the repeated sites, in a map format.

There are three features to be noted here.

1. Most scatterings of positions from 1992 and 1993 overlap. Thus, most of the sites

show no resolvable displacement between 1992 and 1993. (Scatters are generally less in

1993 than in 1992 due to improvements in the global tracking network.)

2. One of the longest north-south base lines is for stations CHOL and AZOK. This

pair of sites has the virtue of being measured during 7 days in 1992 and 12 days in 1993.

Consequently, considerably more data contribute to the apparent displacement than

between any other pair of sites, so this pair of sites shows the most robustly determined

apparent displacement. As can be seen at a larger scale in Figure 5, although there is

some overlap, all but one of the estimated positions of CHOL in 1993 lie to the north

(closer to AZOK) and to the east of the mean position estimated in 1992. Thus, we think

that these data indicate a northeastward displacement of- 7 mm, with shortening of- 5

mm. Such convergence is consistent with the geologic structure and the seismicity of the

legion.

3. The largest apparent displacement is between two sites located on relatively stable

portions of the Kazakh platform: KURD and AZOK. Taken at face value, the difference

suggests that KURD moved east ~ 15 mm with respect to AZOK in the interval between

the measurements. The difference between relative positions of 15 mm is large, but it is

smaller than the total range observed for the shorter line between MEDE and AZOK in

1992 (see, e.g., days 196-197-198 in Figure 4). With only 3 days of observation each

year, we cannot reject the hypothesis that the apparent displacement is an unfortunate

artifact. We expect there to be at most very slow (< 1 mm/a) relative movement between

these sites, for both sites seem to lie on the relatively stable Kazakh platform. We are in

the process of studying this apparent anomaly. Fortunately, KURD is part of the GFZ-

CIS regional network observed in 1992. We have agreed with Christof Reigber to com-

pare solutions in the near future.

We have performed the three types of analyses using GLOBK described above to

estimate apparent velocities more formally: (1) Differences of the mean relative coordi-

nates from weighted averages of individual daily sessions; (2) Differences between

coordinates for each year from a combination of local data that enforces closure among

sites not observed simultaneously, and does not adjust satellite orbits; and (3) Differences

between coordinates for each year from a "global" combination of local and global track-

ing data, including adjustment of satellite orbits. While there are a number of features in
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the coordinate differences that are similar among all three analyses, there are also a num-

ber of differences that arc large enough to be noticeable (Figures 7-9). Comparing these

solutions gives us insight into the reliability of our results and ideas about how to

improve them.

Figure 7 shows the "Repeatability Velocity Field" of our repeat sites, relative to

AZOK, a site observed in common with all of these sites both years. The vectors show

the displacements calculated from the differences in weighted means, for 1993 and 1992,

of the relative coordinates shown in Figure 6. Two types of error ellipses are shown, both

at 95% confidence level (2.5 o). The heavy lines show the uncertainties propagated

through from the statistical fit to the phase data, while the light lines show the uncertain-

tics calculated from the scatter of the relative coordinate estimates. For CHOL, the two

error estimates are quite similar, whereas for MEDE, the scatter in the daily coordinate

estimates is substantially greater than expected from the formal errors.

Figure 8, the "local" velocity field, shows the results of using GLOBK to enforce clo-

sure among all local sites simultaneously, but not using the local data to change the

"global" parameters (satellite orbits and tracking station coordinates). For most sites, the

velocities are nearly the same as before, but there are some exceptions. Consider, for

example, site CHRN, which now has a significantly lower westward component of its

velocity relative to AZOK. In 1992, CHRN was observed simultaneously with site

MEDE (but not CHOL) on days 204-205-206 - days on which the relative position esti-

mated for MEDE relative to AZOK was ~ 5 mm to the east of the12-day mean (see

Figure 4). The result of GLOBK forcing MEDE to a single estimated position (for all 12

days observed) to the west of its estimate for the days that MEDE was observed with

CHRN is to displace the estimate of CHRN (in 1992) to the west as well, decreasing its

apparent westward displacement in 1993.

Figure 9, the "global velocity field, shows primarily the effects of allowing the local

data to affect the estimate of global orbits. The main effect is slightly larger westward

velocities in the western half of the network. It is mainly the 1992 position estimates that

are affected, suggesting again that the orbital control was better in 1993 than in 1992.

There are two fundamental problems that we are investigating which may explain the

differences between the different types of analyses: (1) appropriate modeling of the error

spectrum of the GPS carrier phase noise; and (2) the treatment of the satellite orbits over

the Central Asia region. The fu'st of these areas is a general problem in GPS analyses.

The error model in our current GAMrr analyses assumes that the carder phase noise can

be modeled with a Gaussian white noise process, with the same standard deviation for all

stations and satellites. Examination of post-fit carder phase residuals shows that such a
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model is not representative of the true error spectrum because the postfit residuals show

correlation times that are variable between stations and satellites. A consequence of this

inadequate error model is that the standard deviations of the estimates of station coordi-

nates from our analyses appear to underestimated by a large factor. Our estimate of this

factor for the Central Asia data based on the _2 p_r degree of freedom from the GLOBK

combination of the local and global tracking data is -3.2. However, this figure is a com-

posite average over all stations and the two campaigns, and is likely to be an overestimate

for some stations and underestimate for other stations. One of our students is now ana-

lyzing the spectra and correlation functions of the post-fit carrier phase residuals so that a

better error model can be developed.

The other area we are investigating is the nature of orbital errors over Cenla'al Asia.

There are no global tracking sites in this region and we suspect that some the differences

between the combined global and local data analysis (Fig. 9) and the local data only anal-

yses (Figure 8), are due to errors in the satellite orbits over Central Asia when only global

tracking data are used to determine the orbits. In the combined global and local analyses,

the local data contribute to the orbit determination. Based on the increments in the X2 per

degree of freedom when the local data are added to the global data, there does appear to

be significant orbital information contributed by the local data. As part of the general

upgrades to the GAMIT package to better represent noise processes in GPS data and to

better model the physical system (i.e., effects such as antenna phase center variations,

ocean loading and improved solid Earth modeling), we expect to gain a much better

understanding and accounting for orbital errors over remote areas.

In summary, we can now determine relative displacements between sites hundreds of

kilometers apart quickly, efficiently, and precisely. Formal errors are ~ + 5 mm.

Observing for many sessions decreases the uncertainties, but not as rapidly as it would if

the error spectrum were white. We are working on ways to improve the analysis. In its

current state, we should be able to resolve velocities at the level of a few mm/yr after our

next major survey in 1995.

FUTURE WORK

Our future work until we remeasure the network in 1995 includes (1) further analysis

of existing GPS data, (2) training of our (former) Soviet colleagues and preparing for the

next campaign, and (3) additional geological, geomorphological, and seismological stud-

ies that are basic to an interpretation of the GPS results when we have the new data.

(1) As should be clear from the brief summary above, further analysis of the existing

data and development of improved software is ongoing. We are fortunate to have
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acquiredasa collaborator Tom Herring, who is fascinated by our unique data set. This

shows the serendipity possible through close cooperation between those who undertake

the massive logistics needed to collect the data and those who develop the sophisticated

software and expertise needed to process it.

(2) Through a special NSF initiative to help provide infrastructure support for scien-

tific organizations in the former Soviet Union, we are planning to establish a data pro-

cessing facility in Bishkek during the early months of 1994, most likely based at

Kyrgyzgeodeziya. A second facility will be established in collaboration with the IRIS

data processing center at the IVTRAN laboratory near Bishkek. We plan to conduct a

formal training program on GPS data processing for our Russian, Kyrgyz, and Kazakh

counterparts. The current plans include a two-week short course, conducted during early

summer, 1994, at the IVTR.AN facility, by Thomas Herring of MIT.

We are currently planning to repeat measurements of the 86-station Tien Shah GPS

network in mid-1995. Our counterparts in Russia, Kyrgyzstan, and Kazakhstan are

actively pursuing the necessary formalities and seeking funds to support this effort. We

are also exploring possibilities of joint observations, with Chinese colleagues, that would

permit us to tie the Tien Shan network to the Tarim Basin to the south. During the next

field campaign, we also hope to make ties with other regional networks operating in

Nepal, India, and China in order to provide regional tectonic measurements of the India-

Eurasia plate motion.

(3) At the same time, several of us are independently pursuing related projects on

structural geology, neotectonics, seismicity, and lithospheric structure of the Tien Shan.

These include: (a) a regional project to examine active geologic structures and seismicity

associated with the deformed sedimentary basins in the Tien Shan (M. W. Hamburger

and S. Ghose, Indiana University; through support from the USGS, and a proposal to

NSF pending review); (b) a detailed study of the surface faulting and aftershocks associ-

ated with the 1992 Suusamyr earthquake (R. Mellors, S. Ghose, M. W. Hamburger,

Indiana University; through support from the USGS and IRIS); (c) ongoing seismotec-

tonic studies using the IRIS broadband seismic network extending across the northern

Tien Shan mountain front in Kyrgyzstan and Kazakhstan (R. Mellors, M. W. Hamburger,

G. Pavlis, Indiana University; through support from IRIS); (d) ongoing seismotectonic

and earthquake prediction studies in the Pamir-Tien Shan region (M. W. Hamburger, G.

Pavlis, Indiana University); (e) a synthesis of large earthquakes and geological constraints

on rates of active deformation in the Tien Shan, a study begun with support from a previ-

ous NASA grant (P. Molnar, MIT); and (f) a summary of Quaternary faulting along the

Talaso-Ferghana fault, which will report results of field investigations of V. S. Burtman,

S. F. Skobelev, and P. Molnar in 1991 (P. Molnar, MIT). In addition, we are in the
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planningstagesof a multidisciplinary project that will include geological, geomorphic,

geodetic, seismological, and magnetotelluric investigations in order to examine the deep

structure and lithospheric dynamics of the Tien Shan. This will begin with a workshop

and field trip in the Kyrgyz Tien Shan during the summer of 1994. Support from the

Continental Dynamics project of NSF will be sought.

TABLES

Table 1. List of participants and participating organizations.

Table 2. Site numbers, names, 4-character ID's, the GPS days observed in 1993, and

coordinates of our network.

FIGURES

Figure 1. Map of central and eastern Asia showing topographic and structural setting

of the Tien Shan (from J.-C. Thomas, Ph.D. thesis, Univ. of Rennes, 1993).

Figure 2. Map showing both our geodetic network (1992: shaded circles; 1993:

black triangies) and the GFZ-CIS regional network(open circles). (Note that the 3 west-

ernmost shaded circles are also part of the GFZ-CIS network.)

Figure 3. Repeatability of relative horizontal coordinate estimates for the most fre-

quently observed base line in 1993, KULJ-POL1. (a) 1- o error ellipses (39% confidence

level in 2-D). (b) Same coordinate estimates, with GPS day numbers indicated. The 3-

day sessions discussed in the text are indicated by the lines connecting day numbers.

Figure 4. Repeatability of relative horizontal coordinate estimates for the most fre-

quently observed base line in 1992, MEDE-AZOK, with GPS day numbers indicated.

Figure 5. Repeatability of relative horizontal coordinate estimates for CHOL-AZOK.

Relative coordinates are given for seven days in 1992 and 13 days in 1993, with GPS day

numbers indicated. The 3-day sessions discussed in the text are indicated by the lines

connecting day numbers.

Figure 6. Differences in horizontal coordinates between 1993 and 1992 for each site,

relative to AZOK, plotted in map view, relative to the mean coordinates determined for

1992.
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Figure7. Differences in coordinates between the 1993 and 1992 Central Asia cam-

paigns, expressed as velocities, determined from the differences in the mean coordinates

from single session analysis in each of the campaigns. The thick-lined error ellipses are

95% confidence ellipses based on the statistical uncertainties of the weighted means of

the coordinates from each campaign multiplied by 3.2 (see text). The thin- lined error

ellipses are the 95% confidence intervals derived from the weighted root mean square

(WRMS) scatter of the coordinate repeatabilities for each of the stations separately.

Figure 8. Differences in coordinates between the 1993 and 1992 Central Asia cam-

paigns, expressed as velocities, determined from the differences of the coordinates from

combined local data in each campaign. The error ellipses are 95% confidence with the

statistical uncertainties multiplied by 3.2 (see text).

Figure 9. Differences in coordinates between the 1993 and 1992 Central Asia cam-

paigns, expressed as velocities, determined from the determined form the combined local

and global-tracking data. The error ellipses are 95% confidence with the statistical uncer-

tainties multiplied by 3.2 (see text).
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Scientist

S. Ghose

M. Hamburger
R. Mellors

X. Song

B. nager
P. Molnar
s. Panasyuk
R. Reilinger
B. Souter

B. ONeill

B. Bakka
V. Bocharov

L. Bogomolov
V. Bragin
R. Shamiev
G. Scheiochkov
S. Sultanov
V. Sychov
Yu.Trapcznikov
P.Ycrcmcev
B.Zaitsev

A.Zubovich

S. Baranova
O. Galaganov
V. Gulin
V. Peredcrin
M. Prilepin

Yu. Kopnichev
I. Sokolova

V. Chemyavsky
V. Kuzmechenok

M. Mingazhev
V.Obidenko
R. Salo
V. Sannikov
V. Smimov
V. Tsurkov
G. Yermakov

K. Abdrakhmatov

I. Sadybakasov

L Borodin
V. Ostroemov
M. Ostroumov
V. Kozlov
A. Marldn
L. Zhalilov

V. Peredero

S. Aldazhanov
A. Slezarchuk
I. Tkachenko

Table 1. Participants In 1993 GPS Field Experiment

Institution

Indiana University
Indiana University
Indiana University
Indiana University

Massachusetts Institute of Technology
Massachusetts Institute of Technology
Massachusetts Institute of Technology
Massachusetts Institute of Technology
Massachusetts Institute of Technology

UNAVCO Consortium

IVTRAN (InstituteofHighTemperatures,RussianAcademy ofSciences)
IV'rRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN
IVTRAN

InstituteofPhysicsoftheEarth,RussianAcademy ofSciences
InstituteofPhysicsoftheEarth,RussianAcademy ofSciences
InstituteofPhysicsoftheEarth,RussianAcademy ofSciences
InstituteofPhysicsoftheEarth,RussianAcademy ofSciences

InstituteofPhysicsoftheEarth,RussianAcademy ofSciences

TalgarSeismologicalExpedition,IPE
TalgarSeismologicalExpedition,IPE

KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography

KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography

KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography
KyrgyzStateAgencyforGeodesyandCartography

KyrgyzInstituteofSeismology

KyrgyzInstituteofGeology

KazakhCentralAdministrationforGeodesyandCartography
KazakhCentralAdministrationforGeodesyandCartography
KazakhCentralAdministrationforGeodesyandCartography
KazakhCentralAdministrationforGeodesyandCartography
KazakhCentralAdministrationforGeodesyandCartography

KazakhCentralAdministrationforGeodesyandCartography

KazakhInstituteofSeismology

KazakhLandslideControlAgency
KazakhLandslideControlAgency

KazakhLandslideControlAgency
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Appendix A

GPS Constraints on Shortening across the Northern Tien
Shan of Kazakhstan and Kyrgyzstan

B I Soute_ (Dept. of Earth, Atmospheric, and Planetary Sciences,
M.I.T., Cambridge, MA 02139; 617-253-8872; Intcrnet
souter@airy.mitedu)

Y A Trapeznikov 1, V E Tsurkov 2. T M vanDam3, K
Abdrakhma_tov 4, S A Aldajanov _, V N Gulin6, B H Hager3, M W
Hamburg_ 7, T A Herring3, V A Kuzmichenok 2, V I Makarov 8 P
Moinar O, J Normandeau_ B J O'Neill 9, V Z Ostroumov I 1, S V'
Panasyuk3, M T Prilepin 6, R E Reilinger3, I $ Sadvbakasov 10, N

AwS,hcherbakovl 1, X D Song7 (IIV'I'RAN, Bishkel_, Kyrgyzstan;
Kyrgyzgeodesia, Bishkek, Kyrgyz.stan; 3Dept. of Earth,

Atmospheric, andPlanetarySciences,M.LT.,Cambridge,MA;
Kyrgyz Inst.Seism./sBishkek,Kyrgyzstan;3Kazselezacshita,

Almafi,Kazakhstan;Inst.ofPhysicsoftheEarth,RussianAcad.
Sci.,Moscow, Russia;7Dept ofGeologicalSciences,Indiana

Univ.,Bloomington,Indiana;8Neotectonicsand Remote Sensing
DcpL,RussianAcad.Sci.,Moscow, Russia;9UNAVCO, Boulder,

CO; IVKyrgyz Inst.ofC-eology,Bishkek,Kyrgyzstan;
lIKazgcodesia,Aimati,Kazakhstan)

GPS measurements in 1992 and 1993 in southeast
Kazakhstan and northwest Kyrgyzstan #ace a bound on the rate of
convergence across the Kungey-Alatau range on the northern margin
of the Tien Shah. A 13-site network established in 1992 was
remcaszte.din1993 aspartofalarger85 sitenetworkcoveringan
areaapproximately300 km by700 km and includingmuch ofthe
centraland western"lienShah. Both thenetworkssharebenchmarks
establishedby aGcrman-Kazakh-Kyrgyz-Russlan-Uzbckteamin
1992. Our longestnorth-southbaseline,extendingacrossthe
Kungey-Alataufrom northofIssykKul totheIlibasinshortenedby
8± 1ram. Our longestcast-westbaselineextendedby7 ± 4 mrm If
thisshorteningoverroughlyone thirdoftheTienShan inthisarea

were applicabletotheentirebelt,itwouldimplyconvergence
between the Tarim Basin and the Eurasian plate of 25±4 ram/yr. Our
nextresurveyofthe85 sitenetworkisplannedfor1995.Below are
shown thevelodtiesof10ofthesitesinthenetworkrelativetoan
IIthsitewhichisshown asa largefilledcircle.The 95% confidence
eUipsesareshown on theendsof the velocityvectors.

76 77 78 79



Appendix B

RESULTS FROM A GPS GEODYNAMIC NETWORK IN THE TIEN

SHAN MOUNTAINS, KYRGYZSTAN AND KAZAKHSTAN, CIS

M.W. Hamburger & X.D. Song (DepL Geol. Sci., Indiana Univ., Bloomington, IN
47405 USA), B.H. Hager, T.A. Herring, R.W. King, P. Molnar, S.V. Panasyuk,
R.E. Reilinger, BJ. Souter & T.M. vanDam (Dept. Earth, Atmos. & Planetary
Sci., M.I.T., Cambridge, MA, USA), Y.A. Trapeznikov (Inst. High Temperatures,
Russian Acad. Sci., Bishkek, Kyrgyzstan), V.I. Obidenko & V.E. Tsurkov
(Kyrgyzgeodesia, Bishkek, Kyrgyzstan), V.Z. Ostroumov & N.A. Shcherbakov
(Kazgeodesia, Almaty, Kazakhstan), V.N. Gulin & M.T. Prilepin (Inst. Physics of
the Earth, Russian Acad. Sci., Moscow), IC Abdrakhmatov (Kyrgyz Inst. Seismol.,
Bishkek, Kyrgyzstan), S.A. Aldajanov (Kaz.selezashchita, Almaty, Kazakhstan), V.I.
Makarov (Center for Eng. Geol. & Geoecol., Russian Acad. Sci., Moscow), I.S.
Sadybakasov (Kyrgyz Inst. Geol., Bishkek, Kyrgyzstan)

During June-July 1993, we established an 86-site regional GPS network in the Tien
Shan mountains of Kyrgyzstan and Kazakhstan. The network complements and ex-
tends a regional GPS network established by a German-CIS team in 1992, and con-
sists of a broad, north-south profile across the central Tien Shun and a cluster of sites
surrounding the Talas-Fergana fault. Semi-continuous measurements at sites located
at distances of 100 to 400 km show day-to-day repeatabilities at the sub:cm level for
the horizontal components. Remeasurement of a smaller, 13-station sub-network
installed by our group in southeastern Kazakhstan and northwestern Kyrgyzstan in
1992 provide preliminary estimates of the rate of convergence across the the northern
margin of the Tien Shah. Our longest north-south baseline, extending across the
mountain front and repeatedly measured during both observation campaigns, appears
to have shortened by 7 mm between the two surveys. If this convergence is
representative of the overall shortening rate across the orogen, it would imply
convergence between the Tarim Basin and the Eurasian plate at a rate of-21 ram/yr.
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